A simple, sensitive, and rapid cell-free assay system was developed for detection of N-acyl homoserine lactone (AHL) autoinducers involved in bacterial quorum sensing (QS). The present approach improves upon previous whole-cell biosensor-based approaches in its utilization of a cell-free assay approach to conduct bioassays. The cell-free assay was derived from the AHL biosensor bacterium Agrobacterium tumefaciens NTL4(pCF218)(pCF372), allowing the expression of ␤-galactosidase upon addition of exogenous AHLs. We have shown that ␤-galactosidase expression is possible in cell-free solution [lysate from Agrobacterium tumefaciens NTL4(pCF218)(pCF372) culture]. Assay detection limits with the use of chromogenic substrate X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) ranged from approximately 100 nM to 300 nM depending on the specific AHL. Replacement (of X-Gal) with the luminescent substrate Beta-Glo increased sensitivity to AHLs by 10-fold. A major advantage of the cell-free assay system is elimination of time-consuming steps for biosensor cell culture conditioning, which are required prior to whole-cell bioassays. This significantly reduced assay times from greater than 24 h to less than 3 h, while maintaining high sensitivity. Assay lysate may be prepared in bulk and stored (؊80°C) over 6 months for future use. Finally, the present protocol may be adapted for use with other biosensor strains and be used in high-throughput AHL screening of bacteria or metagenomic libraries.
Quorum sensing (QS) has been an emerging research focus in health and environmental sciences during the past decade (2, 5, 9, 37) . QS is the population-dependent ability of bacteria to communicate and regulate gene expression through the production, release, and concentration-dependent sensing of signal molecules called autoinducers (9, 12, 38) . A wide range of bacterial processes are now known to be influenced by QS and include bioluminescence, cell density control, toxin production, cell differentiation, exopolysaccharide production, motility, biofilm formation, and virulence factor production (20, 40) .
Autoinducers are released by cells, diffuse through the extracellular environment, and are "detected" by neighboring cells, often resulting in concentration-dependent changes in gene expression. A major class of autoinducers is the N-acyl homoserine lactones (AHLs) (20) . To date, many qualitative and quantitative approaches have been developed to detect AHLs. These include whole-cell-based bioassays using AHL-specific biosensors, thinlayer chromatography, gas chromatography-mass spectrometry (MS), high-performance liquid chromatography (HPLC), liquid chromatography-mass spectrometry (LC-MS), isotopic labeling, and absorbance-based assays (1, 6, 14, 19, 21, 26, 27, 34, 36, 39, 41, 42, 43) .
A very useful and often applied approach for QS screening is the whole-cell bioassay, which utilizes specific bacterial biosensors (31) . It is relatively sensitive and does not require extensive research instrumentation, such as HPLCs and LC-MS.
The ␤-galactosidase expression system has been used as a specific indicator of gene expression (17) . The bacterial reporter strain Agrobacterium tumefaciens NTL4(pCF218) (pCF372) contains the ␤-galactosidase gene driven by a traI promoter, allowing the expression of ␤-galactosidase to be regulated by the presence of QS signals (AHLs). In the presence of the substrate 5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside (X-Gal), ␤-galactosidase enzymatically cleaves X-Gal, which results in its conversion to a blue precipitate when active forms of AHLs are present. Accumulation of the blue precipitate is then detectable by spectral absorbance at 635 nm.
A rapidly developing area in the study of QS involves the detection of autoinducer activities from bacterial communities under natural conditions. Whole-cell bioassays are often used for screening gram-negative bacterial colonies that produce AHLs. However, whole-cell bioassays are constrained by several limitations: (i) the requirement of a time-consuming cell conditioning step prior to the start of the bioassay, (ii) the lengthy incubation times (i.e., at least 24 h for detection of AHLs), and (iii) the sensitive adjustments in cell densities needed (e.g., of each well of a 96-well plate or each test tube) to calculate relative activities of luminescence or absorbance. Therefore, a simple and rapid assay that is both sensitive and relatively robust (under environmental conditions) is needed for the detection of AHLs extracted from natural systems.
In the present approach, we have reduced these limitations by developing a cell-free assay system to detect AHL QS signals. Cell-free lysates were derived from the reporter bacterium A. tumefaciens NTL4(pCF218)(pCF372) and, without any addition, contained all the necessary cellular components for in vitro gene expression and translation (e.g., 70S ribosome; tRNAs; aminoacyl-tRNA synthetases; initiation, elongation, and termination factors; amino acids; ATP; GTP; and cofactors such as Mg 2ϩ and K ϩ ) (28) . The ␤-galactosidase expres-sion system was shown to increase in stoichiometric proportion to the concentration of AHLs. Using this system, many samples could be rapidly screened for the presence of AHLs by simple addition of a cell-free lysate and reporter substrate. AHLs were then detected within 3 h using a microplate reader, spectrophotometer, or luminometer.
MATERIALS AND METHODS
Bacterial strain and growth conditions. The reporter strain A. tumefaciens NTL4(pCF218)(pCF372) lacks the Ti plasmid and contains two plasmids, pCF218 and pCF372, that encode the traR and traI-lacZ fusion genes, respectively (10, 11) . This system provides extremely sensitive detection of AHLs (10) . W. Clay Fuqua, Indiana University, generously provided the strain for our assay. Cultures of A. tumefaciens NTL4(pCF218)(pCF372) were grown in 250-ml vessels using AT minimal glucose medium (35) O and adjusted with 1 N NaOH to pH 7.0. The antibiotics streptomycin (50 g/ml) and tetracycline (5 g/ml) were also added.
AHLs. The AHLs N-butanoyl-homoserine lactone (C 4 -AHL), N-hexanoylhomoserine lactone (C 6 -AHL), N-heptanoyl-homoserine lactone (C 7 -AHL), N-octanoyl-homoserine lactone (C 8 -AHL), N-decanoyl-homoserine lactone (C 10 -AHL), N-dodecanoyl-homoserine lactone (C 12 -AHL), N-tetradecanoylhomoserine lactone (C 14 -AHL), N-3-oxo-hexanoyl-homoserine lactone (3-oxo-C 6 -AHL), and N-3-oxo-octanoyl-homoserine lactone (3-oxo-C 8 -AHL) were purchased from Sigma-Aldrich (St. Louis, MO) and used for development of the cell-free assay system. C 8 -AHL was used for final optimization of the cell-free assay system.
Preparation of cell-free lysate. One liter of the reporter strain was grown in AT minimum glucose medium (30°C with shaking for 18 h) to early exponential phase and then harvested by centrifugation (12,000 ϫ g; 10 min). Cell pellets were collected and resuspended in 5 ml of KH 2 PO 4 buffer (100 mM; pH 7.4) and then sonicated for 30 s three times and centrifuged (12,000 ϫ g) at 4°C for 30 min to remove particulate cell fragments. The supernatant was collected as the "cell-free lysate" reagent and was stored (Ϫ80°C) until use.
Confirmation of ␤-galactosidase expression in vitro in cell-free solution. To confirm ␤-galactosidase expression in cell-free solution, the following simple absorbance assay for AHLs was used. The protocol involved (i) addition of 50 l of sample solution containing AHLs into a 96-well plate; (ii) addition of 50 l of cell extract and 100 l of 20 mM KH 2 PO 4 (pH 7.0) into each well, followed by mixing and incubation at 30°C for 2 h; (iii) addition of 1 l of X-Gal (20 mg/ml) into each well and then mixing and incubation at 30°C for 1 h; and (iv) measurement of absorbance in each well at 635 nm by spectrophotometry (Shimadzu UV-2401PC UV-VIS; Shimadzu Corp.). To determine the detection limits, 1:1 serial dilutions of each AHL in 20 mM KH 2 PO 4 (pH 7.0) buffer were performed in triplicate. Induction of ␤-galactosidase activity was calculated by dividing the absorbance of samples by those of controls. An induction ratio greater than 3 was considered active (27) .
Components required for reactions 1 through 3. In order for the assay to detect AHLs in a concentration-dependent manner, a series of reactions that are normally restricted to the confines of the cell must also be able to occur in the cell-free assay. These reactions include binding of AHLs with the receptor protein TraR (reaction 1), binding of the TraR/AHL complex to the traR promoter driving the expression of the ␤-galactosidase gene (reaction 2), and translation of mRNA for the synthesis of ␤-galactosidase (reaction 3). The following experiments were conducted to confirm that the above reactions were occurring in the cell-free assay.
In order to determine if constitutive production (reactions 1 through 3) of ␤-galactosidase was occurring within the cell extract (i.e., in the absence of added AHLs), assays were carried out with/without added N-octanoyl-homoserine lactone (C 8 -AHL), X-Gal, and C 8 -AHL-plus-X-Gal combinations. The treatments (in triplicate) consisted of added C 8 -AHL, X-Gal, C 8 -AHL plus X-Gal, cell lysate plus C 8 -AHL, cell lysate plus X-Gal, and cell lysate plus C 8 -AHL plus X-Gal. The concentration of C 8 -AHL in 20 mM KH 2 PO 4 (pH 7.0) was 1 M. Absorbance was measured at 635 nm, and values were compared for each treatment.
Inhibition of reaction 1. In order to show that blocking TraR binding of AHL inhibits ␤-galactosidase expression, high temperature (i.e., 60°C) was used to degrade most proteins including the TraR protein, which was required for transcription of the ␤-galactosidase gene. Cell-free lysates were heated for 30 min at 30°C, 40°C, 50°C, 55°C, and 60°C prior to the assay. Once the cell-free lysates had cooled to 30°C, C 8 -AHL standards were added at a concentration of 1 M with replicates and incubated. Then, expression of ␤-galactosidase was measured using the absorbance assay protocol.
Inhibition of reactions 2 and 3. To artificially inhibit binding of the AHL/TraR complex to the ␤-galactosidase promoter, we utilized the aminoglycoside antibiotic streptomycin, which precipitates DNA, therefore inhibiting the binding of the AHL/TraR complex to the ␤-galactosidase promoter (28) . First, 50-l aliquots of 1 M C 8 -AHL solution were added to each tube, followed by addition of cell extract. Further, a series of increasing concentrations of streptomycin (i.e., 0, 50, 125, 250, and 300 g) were added to the cell extract and incubated for 30 min prior to the assay (4, 22, 29) . Then, ␤-galactosidase expression was measured by absorbance.
Optimization of cell-free assay. In order to optimize cell-free assay conditions, the following experiments were conducted. All optimization experiments used the C 8 -AHL (1 M).
Crude protein concentration in a cell-free assay solution. Initially, protein concentrations of undiluted cell extract were determined by the Bradford protein assay (3). Then, cell extract (30 g/ml) was diluted with 20 mM KH 2 PO 4 (pH 7.0) buffer to 12 g/ml and 6 g/ml. Absorbance-based measurements were conducted using the cell-free assay system to determine the effect of protein concentration in cell extracts on ␤-galactosidase expression.
Optimum pH. In order to assess the effect of pH on the cell-free assay, triplicate assay solutions were adjusted to pH 4.5, 5.0, 5.4, 6.5, 7.0, 8.0, and 8.8. Then, cell-free assay absorbances were measured.
Incubation time. To determine the effect of incubation time of assay measurements, triplicate cell extract solutions were spiked with C 8 -AHL (1 M) and then incubated for different time periods (1, 2, 3, and 4 h). Then, X-Gal was added to each solution, the solution was incubated at 37°C for 1 h, and absorbance (635 nm) was measured.
Comparison of absorbance and luminescence assays. To improve the sensitivity of the cell-free approach, a luminescence assay was developed for AHLs. The protocol involved (i) addition of 50 l of sample solution containing AHLs into a 96-well plate; (ii) addition of 50 l of cell extract, diluted in 20 mM KH 2 PO 4 buffer (pH 7.0), resulting in a protein concentration of 80 g/ml for each well, and then mixing and incubation at 30°C for 2 h; (iii) addition of 100 l of Beta-Glo (Promega) into each well, followed by mixing and incubation (30°C for 1 h); and (iv) measurement of luminescence using a Veritus microplate luminometer (Turner BioSystems). For control wells, 20 mM KH 2 PO 4 (pH 7.0) buffer was used. To determine the detection limit, a 1:1 serial dilution of each AHL was performed in triplicate using 20 mM KH 2 PO 4 (pH 7.0) buffer. Then, absorbance assays were conducted. Induction of ␤-galactosidase activity was calculated by dividing the sample absorbance or luminescence by that of controls. An induction ratio greater than 3 was considered active (27) .
Application of cell-free assay for high-throughput screening of genomic clones for the identification of putative AHL genes. To test the applicability of the cell-free assay for detecting AHL genes, we used the assay to screen a genomic library derived from a sulfate-reducing bacterium (SRB) isolated from marine stromatolites at Highborne Cay, Bahamas. The SRB strain was identified as Desulfovibrio sp. strain H2.3jLac (GenBank accession no. DQ822786). To identify the genes involved in Desulfovibrio sp. strain H2.3jLac QS, genomic DNA was extracted and a fosmid-based genomic library was constructed. The fosmid library was subsequently screened using the cell-free assay, described above, to identify regions within the Desulfovibrio genome that may play a role in QS. Five hundred fosmid clones were grown overnight in 96-well plates followed by the addition of 20 l of cell extract. Plates were incubated for 2 h followed by the addition of 1 l (20 mg/ml) of X-Gal and then further incubated overnight at 37°C, and clones producing a blue color were scored as positive for putative QS gene activity. Production of AHLs by positive clones was confirmed by LC-MS. Briefly, positive clones were grown in marine broth at 37°C. Culture supernatants were extracted with acidified ethyl acetate, dried, and reconstituted with 50% acetonitrile. AHLs in samples were separated by HPLC using a 2.1-mm ϫ 150-mm Aquasep C 18 column (ES Industries). The separation was performed using a binary gradient of two solvents (solvent A, H 2 O with 0.1% [wt/vol] formic acid; solvent B, acetonitrile with 0.1% formic acid). Initially, gradient conditions were 20% solvent A for 2 min and then linear ramping (28 min) to 100% solvent B. AHLs were detected using a Waters Premier XE triple quadrupole mass spectrometer with positive-ion electrospray ionization. The triple quad mass spectrometer was operated in multiple reaction monitoring mode utilizing two characteristic fragment transitions per analyte.
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Confirmation of ␤-galactosidase expression upon addition of AHLs in vitro to cell-free solution.
Results of negative and positive controls, consisting of cell-free assays conducted with and without X-Gal and C 8 -AHL (Fig. 1A) , respectively, showed that, as expected, unless both C 8 -AHL and X-Gal were added into cell-free assay solution, ␤-galactosidase activity remained minimal. Controls, which had addition of X-Gal but no AHL, exhibited minimal background ␤-galactosidase activity in the cell extract.
Results of ␤-galactosidase activities showed that detection of AHLs using the cell-free assay with the cell extract was deactivated above 55°C (Fig. 1B) . Therefore, ␤-galactosidase expression did not occur when pretreatment of cell extracts with high temperature (e.g., 55°C and 60°C) was followed by addition (at 30°C) of C 8 -AHL. Further, streptomycin additions above 125 g/ml reduced assay activities (Fig. 1C) . Results of C 8 -AHL additions showed that absorbance changes (i.e., blue color at 635 nm), resulting from the enzymatic cleavage of the chromogenic substrate X-Gal, were proportional to concentration, up to 2 M C 8 -AHLs (Fig. 2) .
Optimization of cell-free assay. (i) Crude protein concentration in cell extract solution. Crude protein concentrations, ranging from 6 g/ml to 30 g/ml, resulted in a nonlinear increase of ␤-galactosidase expression with time (Fig. 3A) .
(ii) Determination of optimum pH. Results of incubations examining the effect of pH on ␤-galactosidase expression in the cell-free assay (Fig. 3B) showed that the highest ␤-galactosidase expression occurred between pH 6 and 7, while expression declined dramatically at pH 7.5 or higher. Therefore, pH 6.5 was chosen for the measurement conditions for the cellfree assay. Since the assay was very sensitive to pH, reducing the volume of sample to maintain the pH of the whole assay solution was important.
(iii) Incubation time. Incubation time affected ␤-galactosidase expression (Fig. 3C) . Increasing assay incubation times from 1 to 4 hours resulted in an asymptotic increase in expression of ␤-galactosidase activity for a given concentration of added AHL. In order to make the cell-free assay system rapid and practical, a 2-h incubation was chosen for our assays.
Comparison of absorbance and luminescence assays. The cell-free assay was not able to detect C 4 -and C 14 -AHLs. Using the luminescence substrate Beta-Glo, detection of various AHLs was approximately 10-fold more sensitive than that with absorbance assays (Table 1) .
Application of cell-free assay for screening genomic clones for the identification of putative luxI homologs. To demonstrate one possible application of the newly developed cell-free assay, a genomic library was constructed from the SRB isolate Desulfovibrio strain H2.3jLac and screened for putative QS activity by the cell-free assay. Results of screening (ϳ5ϫ genome coverage) revealed that 24/500 fosmid clones demonstrated positive reactions ranging from a high to a low level of activity. Then, production of several AHLs (C 6 -AHL, oxo-C 6 -AHL, C 8 -AHL, C 10 -AHL, and C 12 -AHL) by positive clones was confirmed by MS (results not shown). Further studies are under way to identify the genes involved in the production of AHLs by Desulfovibrio strain H2.3jLac. 
DISCUSSION
Cell-free assay for AHLs. In practice, only a few cell-freebased expression systems have been developed and have been utilized largely for in vitro protein synthesis. The most frequently used cell-free translation systems consist of extracts from rabbit reticulocytes, wheat germ cells, insect cells, and Escherichia coli (7, 8, 10, 13, 15, 23, 30, 32) . In the present study, we present evidence for the occurrence of in vitro gene expression and protein translation in a cell-free lysate system derived from the bacterium Agrobacterium tumefaciens NTL4(pCF218)(pCF372) and have used the system for the purpose of detecting AHL autoinducers involved in QS. We demonstrated that the sensitivity of the cell-free assay is comparable to that of whole-cell-based approaches (27) but additionally the assay is more simplified and shortened. Typically, an assay with a whole-cell bioreporter such as A. tumefaciens NTL4(pZLR4) requires 16 to 18 h to culture the bioreporter strain and an additional 16 to 18 h for incubation of the assay mixture (27) . In contrast, our cell-free assay system takes 2 to 3 h in total. Therefore, the cell-free assay system for detecting QS signals eliminates the time-consuming cell conditioning step in biosensor cell cultures that is required before each whole-cell bioassay.
In contrast to eukaryotic systems, where transcription and translation occur sequentially, bacterial systems have transcription and translation occurring simultaneously within the cell.
Our in vitro reactions likely occurred in the same way and allowed the assay system to proceed.
We succeeded in showing that active ␤-galactosidase was produced in the cell-free system. We also showed that, while there was an inherent basal level of ␤-galactosidase expression, an upregulation of enzyme expression occurred in response to exogenously added AHL.
An important step in maintaining the accuracy and precision of the assay is the ability of the cell-free lysate to achieve consistent in vitro transcription of the ␤-galactosidase gene and protein expression. Without this, the lower concentrations of AHLs that will be detectable using the assay will be limited by basal (i.e., constitutive) concentrations of ␤-galactosidase.
In our cell-free assays, relatively short incubation times (e.g., 2 h) still resulted in highly sensitive detection of AHLs. It is interesting that in some A. tumefaciens reporter strains which contain the wild-type Ti plasmid there was an 8-h delay in gene activation when AHLs were added (24) . This was found to be due to the presence of a negative regulator protein, TraM, whose expression is located on the Ti plasmid (18, 25) . TraM tightly binds to TraR and inhibits activation of target genes of TraR (16, 33) . The A. tumefaciens NTL4(pCF218)(pCF372) strain used in our study lacked the Ti plasmid, and this likely contributed to the more rapid (Ͻ2-h) gene activation and autoinduction that were observed in our assays.
Previously, the regulator protein TraR was thought to be loosely associated with the inner leaflet of the cytoplasmic membrane when it was not complexed to an AHL (25) . Complexation of TraR with a cognate AHL converts this transcription factor to an active form (18) . Our results suggested either that membrane-bound TraR was present in our cell-free assay, which could be activated by complexation with an AHL, or alternatively that TraR was not associated with large membrane fragments removed by fractionation. It is likely that our centrifugation protocol (e.g., 12,000 ϫ g for 30 min) allowed cell membrane fragments (and their attached TraR) to remain in the supernatant.
Application of cell-free assay. The cell-free assay protocol is very suitable for the rapid screening of bacterial isolates and extracts for the detection of QS compounds and QS inhibitors. It is additionally valuable for the rapid screening of putative QS activity in genomic clones, as demonstrated in our study. Also, the cell-free assay may be potentially linked with other types of reporters. In our study, replacement (of X-Gal) with the luminescent substrate Beta-Glo increased assay sensitivity to AHLs by 10-fold, compared with the absorbance-based assay. Also, the method is simple and cost-effective and can be easily applied to test for the presence of AHLs in environmental samples under field conditions. Since the present assay using A. tumefaciens NTL4(pCF218)(pCF372) was not sensitive to C 4 -AHL and C 14 -AHL, development of a cell-free assay that utilizes another strain, Agrobacterium tumefaciens KYC55(pJZ372)(pJZ384)(pJZ410), is in progress. This strain is much more sensitive to a wider range of AHLs (43) , and the overall sensitivity of the assay may be improved.
